INTRODUCTION
Prostate cancer is the second leading cause of cancer-related deaths in American men. 1, 2 Although hormonal and radiation therapy can be very effective for local disease, patients usually become refractory to hormonal therapy (castration resistant) within 1-3 years. This is usually associated with the transition to a more aggressive form of the disease, leading to the development of bone and organ metastases. The addition of combination chemotherapy in the late stages of the disease has limited benefit, increasing survival for only several months. 3 Since most conventional treatments eventually fail, additional therapeutic strategies have been developed. 4 These therapeutic strategies have employed oncolytic viruses, 5 vaccines, 6 adjuvant immune modulation therapies (checkpoint inhibitors) (Slovin et al., 2012, J. Clin. Oncol, abstract), and adoptive immune cell (T cell) therapies. 7 During the past 15 years, genetic engineering has been applied to more effectively direct T cells to tumor-expressing antigens, through the expression of specific chimeric antigen receptors (CARs) on an individual patient's T cells. [8] [9] [10] CARs consist of a tumor antigen-binding domain that is fused to an intracellular signaling domains and costimulatory receptors capable of activating T cells. [10] [11] [12] Therefore, antigen-recognition is not MHC-restricted, as is the case for T cell receptor (TCR)-mediated antigen recognition. In vivo efficacy of CAR-modified effector human and murine T cells has been demonstrated, [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] and prostate-specific membrane antigen (PSMA) is a promising molecular marker for targeted therapy of prostate cancer. PSMA is a glycosylated type-II membrane protein that is upregulated during malignant transformation in more aggressive prostate cancer, resulting in abnormally high levels of it on the cell surface. 23 We 24, 25 and others 21, [26] [27] [28] (Slovin et al., 2012, J. Clin. Oncol, abstract) have participated in developing imaging approaches to visualize antihPSMA CAR T cells and optimization of the structure of CARs to achieve more profound effects in the targeting of tumors bearing the corresponding antigen (hPSMA).
CAR T cell therapy in solid tumors has not achieved the clinical success that has been observed in hematologic malignancies. [29] [30] [31] One reason for the poor treatment response is the failure of CAR T cells to accumulate and expand in the hostile tumor microenvironment. 32, 33 The failure of a substantial CAR-mediated T cell response in solid tumors relates to a number of factors-including CAR T cell inactivation and possible exclusion from the tumor mass, the reciprocal interactions between tumor and stromal cells, [34] [35] [36] and propensity of cancer like prostate to disseminate preferentially to bone. Thus, preclinical studies that incorporate imaging to monitor T cell trafficking and activation are necessary to adequately explore the biology and efficacy of different treatment strategies designed to enhance T cell targeting and penetration of solid tumors. Several strategies have been employed to optimize the migration, survival, and effector functions of adoptive cell therapy (ACT) using TILs (tumor-infiltrated lymphocytes). For example, (1) increasing CXCR2 expression resulted in the improvement of T cell migration to tumors, 37 (2) genetic manipulation of IL-12 production by transferred T cells extends T cell survival, 38 and (3) the generation of novel CAR-based engineered T cells to improve tumor recognition and T cell activation 39, 40 as well as the delivery of CAR T cells through specific polymer implants 41 or local injection. 22 Recently, it was demonstrated that CAR T cell therapy and programmed cell death protein 1 (PD-1) checkpoint blockade are a rational combination in a solid tumor model. 40 Programmed death-ligand 1 (PD-L1)/PD-1-mediated T cell inhibition is involved in immune evasion in prostate cancer. Although only 1% PD-L1 cells were detected in prostate tumor samples, 42, 43 immune cells (PD-1-and PD-L1-positive) were observed to surround prostate tumor nodules. 44 More recently, a novel monoclonal rabbit antibody to PD-L1 revealed that 62% human prostate tumors stain positive for PD-L1 expression. 45 The possibility that PD-L1/PD1-mediated T cell inhibition might be involved in immune evasion in prostate cancer is being explored in several clinical trials. Patients with metastatic castration-resistant prostate cancer (mCRPC) are being treated with anti-PD-1 antibody in two phase II clinical trials, involving pembrolizumab (Keytruda) and CT-011 (anti-PD-1 antibody; CureTech). 46, 47 The goal of this study was to study the efficacy of human hPSMA CAR-directed T cell therapy in an appropriate animal model. We show that anti-hPSMA CAR-directed T cell therapy of MycCaP:PSMA(+) tumors alone was unsuccessful, whereas the combination of anti-hPSMA CAR-directed T cells plus anti-hPD1 mAb immune modulation therapy provided a partial, short-duration and sub-optimal response.
RESULTS

Characterization of a New Murine Tumor Model for hPSMA-Directed CAR T Cell Therapy
Several prostate tumor models, both human and murine origins, have been described and used to study the targeting of hPSMA-CAR T cells, but some limitations have been identified. 21, 24, 48, 49 We focused on murine cell lines, with prospective to utilize them in a syngeneic mouse model using immunocompetent mice. We chose a well established and studied murine prostate cancer cell line, Myc-CaP, 50 for our initial studies. Myc-CaP tumors are composed of sheets and indistinct lobules/nests of polygonal to oval cells separated by fine fibrovascular straie, as described previously. 50 Tumor cells have abundant amphophilic cytoplasm and large, round to polygonal nuclei. Necrosis is rare in small tumors; larger tumors have more extensive necrosis. The percentage of necrosis varied from 2% to 25%, depending on the overall tumor mass ( Figure 1 ).
To generate an appropriate murine model for the anti-hPSMA CAR T cell therapy, wild-type (WT) Myc-CaP cancer cells were stably transduced with a hPSMA-containing retroviral vector and sorted as described in Materials and Methods ( Figure S1A ). 24, 51, 52 We compared the growth profiles of wild-type and hPSMA(+) MycCaP tumors in mice, and found no significant difference in tumor doubling time, morphology, extent of necrosis ( Figure 1A ), or level of tumor hypoxia ( Figure 1B ). The only difference was that MycCaP:hPSMA(+) tumors stained strongly positive for hPSMA, whereas WT Myc-CaP:hPSMA(À) tumors did not ( Figure 1B ).
Second-Generation Anti-hPSMA CAR Cytotoxic T Lymphocytes Targeting Myc-CaP:hPSMA(+) Tumors T cells derived from human blood were isolated, 24 activated, and transduced with a newly developed retroviral second-generation anti-hPSMA CAR Plg28z vector and with SFG-tdRFP/CBRLuc vector. Reproducible levels of hPSMA CAR expression on transduced human T cells were observed ( Figure S1B ). 24, 53 Cytotoxicity studies revealed that hPSMA targeted CAR T cells have a 13.8 + 5.9% cytolytic efficacy against Myc-CaP:hPSMA(+) cells, when the ratio of the effector to the target is 40 to 1. However, the same hPSMAtargeted CAR T cells showed 2-fold higher cytotoxic activity toward a human prostate cancer cell line PC3/PSMA-IRES-Puromycin (PC3-PIP) ( Figure S1C ).
Bioluminescence Imaging of Anti-hPSMA CAR T Cell Targeting Myc-CaP:hPSMA(+) Tumors
Using two distinct luciferase reporter systems, we were able to image the location of Myc-CaP tumors with the Renilla luciferase (Rluc) reporter 54 and image the trafficking of anti-hPSMA CAR T cells with the tdRFP/CBRLuc reporter. First, we assessed the capacity of systemically administered anti-hPSMA CAR T cells to traffic and accumulate within established subcutaneous Myc To further evaluate in vivo therapeutic efficacy of anti-hPSMA CARtransduced T cells, we performed "pre-targeting" experiments using the Winn assay ( Figure 2) . 55 Anti-hPSMA CAR T cells alone or mixed with Myc-CaP:hPSMA(+) or Myc-CaP:hPSMA(À) target cells were prepared just prior to subcutaneous inoculation into NOD.SCID Il2rgÀ/À (NSG) mice; the inoculum included a 1:10 tumor-to-T cell ratio, mixed in growth media and Matrigel Matrix (1:1) at 4 C. The location of the tumor was identified using Renilla Luciferase BLI (Figure 2A ). We also monitored tumor growth by BLI ( Figure 2C ) (in addition to caliper measurements; Figure 2D ) until the point where the tumors reached a size where the BLI Renilla Luciferase signal was saturated and tumors showed evidence of necrosis (day 15; Figure 2C ).
Progressive tumor growth was observed in the two "control groups" of mice: (1) mice injected with Myc-CaP:hPSMA(+) tumors alone (without CAR T cells) and (2) Myc-CaP:hPSMA(À) tumors (without hPSMA expression) but mixed with anti-hPSMA CAR T cells (Figures 2A, 2C, 2D) . A marked reduction in tumor growth rate was observed in the "test group" of mice: tumors that developed from the mixture of Myc-CaP:hPSMA(+) cells and anti-hPSMA CAR T cells (Figures 2A, 2C, 2D) . By day 26, the "test group" tumor size was 224 ± 240 mm 3 , whereas the size of control tumors without anti-hPSMA CAR T cell inclusion was significantly larger, 1,676 ± 406 mm 3 (p < 0.05). The "pre-targeting" (Winn assay) experiments clearly demonstrate that anti-hPSMA CAR T cells can inhibit MycCaP:hPSMA(+) tumor growth and that this inhibition is hPSMA dependent.
The persistence of anti-hPSMA-targeted CAR T cells in the same Winn assay described above; T cells were monitored by the CBRLuc/luciferin BLI signal generated from the reporter-transduced CAR T cells ( Figures 2B and 2E) . We observed that anti-hPSMA CAR T cells injected alone in Matrigel matrix (control, in the absence of any tumor cells) were localized at the site of injection and were visualized over 8 days. However, the presence Myc-CaP tumor cells (with or without human PSMA/antigen) notably influenced the BLI signal intensity at the injection site. Since the intensity of the BLI signal has been used as indicator of the injected CAR T cells, the difference in BLI signal suggested that the survival of CAR T cells was different in the three study groups. The BLI signal from CAR T cells was visualized longest ($8 days) when they were injected alone (non-tumor group), less in the hPSMA(À) tumor group ($6 days), and least in the hPSMA(+) tumor group ($4 days). These data suggest that BLI detection and the survival of CAR T cells was shortened by the presence of hPSMA(+) on tumor cells. Interestingly, this group demonstrated a better treatment response ( Figure 2D ).
Metabolism of hPSMA CAR T Cells
It is known that T cells undergo a transition from a quiescent to a highly active effector phenotype upon stimulation/activation and transduction with the anti-hPSMA CAR vector. This transition also involves a significant shift from oxidative to glycolytic metabolism. To study the metabolic status of T cells during activation, transduction, and proliferation, we measured the extracellular acidification rate (ECAR) and the oxygen consumption rate (OCR) of these cells. The rate of glycolysis (ECAR), as well as basal and maximal OCRs (an indicator of mitochondrial respiration), was assessed on days 2, 8, 10, and 15 of CAR T cell preparation ( Figure 3 ). Human T cells from three donors were isolated from buffy coat using Ficoll separation. Forty-eight hours after phytohemagglutinin (PHA) stimulation, cells were transduced with a retroviral vector bearing a CAR targeting hPSMA. We obtained a measure of ECAR in naive T cells, T cells stimulated by PHA and hPSMA CAR-transduced T cells ( Figure 3A) . Naive non-stimulated T cells demonstrated low levels of glycolysis, whereas non-specific PHA stimulation of T cells results in a significant (p < 0.05) increase in glycolysis, that is maintained at high levels over the course of T cell transduction and expansion (Figure 3A) . The initial increase in a basal mitochondrial respiration after non-specific PHA stimulation is followed by a progressive decline in mitochondrial function during subsequent procedures ( Figure 3B ). FCCP (carbonyl cyanide p-trifluoromethoxy phenylhydrazone) was added to uncouple oxidative phosphorylation from the electron transport chain to measure the maximum respiratory capacity.
The maximum respiratory rate (OCR) was significantly higher at day 2 after PHA stimulation but declined by day 8 ( Figure 3C We then evaluated whether anti-murine programmed death-ligand 1 (mPD-1) mAb treatment increased the number of tumor-infiltrating lymphocytes in subcutaneous Myc-CaP tumors (FVB/N mice). We administrated 5 doses of 200 mg of anti-mPD1 mAb per mouse (on days 9, 11, 13, 15, and 17 after tumor cell injection) and observed a significant delay (p < 0.05) in tumor growth ( Figure 5A ), which continued even after mice stopped receiving anti-mPD1 therapy. Interestingly, tumors <50 mm 3 responded to the anti-mPD1 mAb treatment, whereas larger tumors failed to respond to the treatment ( Figure 5A ).
The density of CD3 + T cells per square millimeter of tumor area (Figures 5B and 5D), T cell size ( Figure 5D ) and the correlation between these two parameters and T cells distribution along the tumor edge Encouraged by the response of Myc-CaP WT tumors to anti-mPD1 mAb treatment in FVB/N mice, we evaluated the effect of antihPD1 treatment combined with anti-hPSMA CAR T cell adoptive therapy in the Myc-CaP:hPSMA(+) and Myc-CaP:hPSMA(À) tumor models. Anti-hPSMA CAR T cells (transduced with the CBRluc reporter) were monitored by BLI at different time points after i.v. administration (days 0, 1, and 6) ( Figure 6B ). Ten minutes following CAR T cell injection, the T cells were localized largely in the lungs of all animals, with a variable low intensity signal appearing in the area of the tumors ( Figure 6B ). Interestingly, the highest tumor-associated T cell BLI signal was observed in the Myc-CaP: hPSMA(À) tumors (anti-hPD1-treated control group), and the lowest signal was observed in the Myc-CaP:hPSMA(+) tumors (anti-hPD1-treated test group). Nevertheless, Myc-CaP:hPSMA(+) tumor-bearing mice receiving the combined treatment (both anti-hPSMA CAR T cells (10 Â 10 6 ) and anti-hPD-1 mAb; test group) had a significant (p = 0.03, p = 0.04) treatment response (tumor volume), when compared to the two control groups (Figures 6C and 6D) . The absence of a treatment response in Myc-CaP:PSMA(À) tumors (anti-hPD1 mAb-treated control group), despite the more robust T cell trafficking-to and BLI signal-in the tumor region is of particular interest.
A comparison of CAR T cell BLI signals from tumors and lungs during the first 24 hr showed that the BLI signal in the tumors was more stable ( Figure S3A ) compared with that in the lungs (Figure S3B ), where a decline in signal intensity was observed in all treatment groups. By day 6 after anti-hPSMA CAR T cell injection, there was near total fading of the BLI signal from the lungs, whereas a longer-lasting BLI signal in the tumor areas was observed ( Figure 6B ). Following the cessation of anti-hPD1 treatment (day 20), we observed an increase in tumor growth of hPSMA(+) positive tumors treated with both anti-hPD1 mAb (five doses) and anti-hPSMA CAR T cells (one dose injection), comparable with other groups of mice ( Figure 6C ). www.moleculartherapy.org H&E staining of one tumor from each treatment group shows different levels of necrosis 24 hr after initiation of treatment ( Figure 7) . hPSMA(+) tumors treated with both anti-hPD1 mAb and antihPSMA CAR T cells (test) showed the most necrosis ( Figure 7A ), whereas both control tumors showed considerably less necrosis (Figures 7B and 7C) . The density of TUNEL positive cells showed a similar pattern; 54 TUNEL (+) cells/mm 2 were detected for the test group (hPSMA(+), anti-hPD1), whereas 29 and 26 TUNEL + cells were observed in the anti-IgG, hPSMA(+) and anti-hPD1, PSMA(À) control groups, respectively ( Figure 7 , far right column). The distribution and density of anti-hPSMA CAR T cells was higher in the center of a hPSMA(+) tumor treated with anti-hPD1 mAb at day 6 compared to controls ( Figures S4 and S5 ), although more CAR T cells were localized along the periphery of these tumors ( Figure S4 ). In contrast, CD31 staining of the tumors following 6 days of combined treatment showed no difference in microvessel density ( Figure S5 ).
DISCUSSION
CAR T cell therapy for hematologic malignancies has shown some remarkable success in recent years. 29 This study focuses on the potential for enhancing the efficacy of hPSMA CAR-directed T cell therapy using an immune checkpoint inhibitor (PD-1L/PD1 blockade) just prior to i.v. administration of CAR T cells. Our initial efforts to evaluate the effectiveness of second-generation anti-hPSMA CAR T cells 24, 53 were comparable to that of others ( Figure S2) . 49 Namely, anti-hPSMA CAR T cell therapy alone was not effective against established subcutaneous Myc-Cap hPSMA(+) tumors. Nevertheless, a Winn assay 55 demonstrated that anti-hPSMA CAR T cells can inhibit Myc-CaP:hPSMA(+) tumor growth in a scarce nutrient microenvironment, and that this inhibition is hPSMA dependent. However, Myc-CaP:hPSMA(+) tumors re-grew in 3 weeks after implantation ( Figures 2C and 2D) .
The finding that Myc-CaP tumors are PD-L1 positive in both an immunocompromised and immunocompetent mice raised the question whether the restriction of CD3 + T cells from the interior of Myc-CaP WT tumors in FVB/N mice was related to PD-L1/PD1 engagement ( Figure 4B) . A similar exclusion of CD3 + T cells was described in metastatic melanoma 59 and other types of cancer. 60, 61 Given that PD-1 receptor expression is increased on activated T cells following engagement with PD-L1 ligand and high PD-L1/ PD1 expression is associated with T cell exhaustion, 59 ,62 we treated Myc-CaP WT tumors in FVB/N with anti-mPD1 mAb and observed a significant, but only a partial delay in tumor growth ( Figure 5A ). Although based on a small number of animals (n = 5), we observed a $13-fold increase in intratumoral CD3 + T cell density following anti-PD1 inhibition ( Figure 5B), consistent with releasing the PD-1 immune checkpoint and leading to T cell proliferation, intratumoral infiltration and increased effector function. 63 We also observed that T cells changed their morphology and increased in size following anti-mPD1 mAb treatment, consistent with cell cycle activation and proliferation. 64, 65 Although this suggests that anti-mPD1 mAb treatment resulted in increased CD3 + T cell activation, proliferation, and effector functions, the response was limited and indicates other factors are involved.
Nevertheless, the encouraging response of wild-type Myc-CaP tumors to anti-mPD1 mAb treatment in immune competent FVB/N mice led us to evaluate the effect of anti-hPD1 mAb treatment in combination with hPSMA-targeted CAR T cells in the MycCaP:hPSMA(+) tumor model. In these adoptive CAR T cell experiments, we first showed that combined treatment with anti-hPD1 antibody significantly inhibited Myc-CaP:hPSMA(+) tumor growth ( Figure 6C ) and that the antitumor response mediated by this combined therapy was both anti-hPD1 and hPSMA specific. Namely, the IgG-treated control group did not show an inhibitory effect, nor did tumors that were hPSMA(À). The blocking of hPD-1 enhanced the anti-tumor effect of hPSMA-targeted CAR T cells (Figure 6C) , even in the presence of murine PD-L1 in the target tumors (Figure 4) . The treatment response was confirmed by H&E and TUNEL staining of the tumor 24 hr after initiation of treatment (Figure 7A) . These results suggest that there is a direct impact of PD-1 blockade on CAR T cell cytolytic function in these tumors.
Anti-PD1 mAb treatment of Myc-CaP WT tumors growing in immune-competent FVB/N mice had a more profound and prolonged effect, even following treatment withdrawal ( Figure 5A ). This effect was greater than a single injection of anti-hPSMA CAR T cells and five doses of anti-hPD1 mAb treatment of Myc-CaP:hPSMA(+) tumors growing in NSG mice (tumor growth was delayed for only 10 days). We suggest that anti-hPD1 antibody treatment combined with anti-hPSMA CAR human T cells had enhanced killing capacity www.moleculartherapy.org and cytokine function against Myc-CaP:hPSMA(+) tumors, although the treatment response was comparatively short in duration. Recent literature 40, 66 demonstrates that adoptive immunotherapy using genetically modified T cells in combination with PD-1 checkpoint blockade can enhance the antitumor effects of CAR T cells against established subcutaneous tumors in an immune compromised host. Nevertheless, our results indicate that other immune modulation mechanisms exist and restrict CAR T cell targeting, function, and persistence in hPSMA expressing Myc-CaP tumors.
Rapid destruction of i.v. administered CAR T cells is well known. 49, 67 Nevertheless, the persistence of CAR T cells is well documented in the treatment of many "liquid" tumors, [68] [69] [70] whereas the persistence of CAR T cells is not a common finding in the treatment of solid tumors. 71 Previous studies have shown that the therapeutic efficacy of adoptive T cell transfer is correlated with the ability of T cells to proliferate and survive in vivo. 72 To address this issue, we used bioluminescence reporter-gene imaging (BLI) and immunofluorescence staining to track adoptively administered CAR T cells. In our BLI studies, there was a clear difference in anti-hPSMA CAR T cell trafficking to and initial persistence in Myc-CaP tumors (with and without the presence of the target antigen -hPSMA), even during the first minutes after T cells injection ( Figures 6A and 6B) . This difference in BLI signal was present over days 0, 1, and 6 following CAR T cells injection ( Figure 6B ). The seemingly contradictory T cell BLI and treatment response observations ( Figures 2B, 2E , 6B, and 6C) and inconsistencies between T cell BLI ( Figure 6 ) and CD3 + staining for T lymphocytes (Figure S5) , can be explained in several ways.
We performed our experiments thinking that CBRLuciferase (CBRluc) BLI could be used as a readout of CAR T cell number and persistence. To explain the above observations, we assumed the anti-hPSMA CAR T cells were undergoing more rapid destruction in hPSMA(+) Myc-CaP tumors compared to hPSMA(À) tumors, since the T cells were bearing a second generation CAR. To confirm this hypothesis, we detected more apoptotic CAR T cells in co-culture experiments with hPSMA(+), than with hPSMA(À) Myc-Cap tumor cells (data not shown). Anti-hPSMA CAR T cells in the absence of the hPSMA are likely to remain in a non-activated (anergic) state and not be subject to PSMA antigen-induced activation leading to T cell death/destruction. 73 Therefore, it was reasonable to consider that "quiescent T cells" could survive for a longer period of time and be visualized by BLI. An additional and more plausible explanation is that following contact with tumor cell membrane-localized hPSMA, the anti-hPSMA CAR T cells undergo a transition from a quiescent to a highly active effector phenotype. This transition also leads to a significant shift in the metabolism of hPSMA CAR T cells, from a TCA cycle and oxidative phosphorylation OXYPHOS-based metabolism, 74 to a more glycolysis-dependent metabolism to support macromolecule synthesis, proliferation, and effector function 75 ). These changes in the metabolism of CAR T cells transitioning from a quiescent to an activated state could directly affect CBRluc BLI signal intensity. Recently, it was observed that activated tumor-infiltrating T cells display a phenotype of metabolic insufficiency, characterized by a persistent loss of mitochondrial function and mass. 76 Additionally, it was shown that chronic activation of T cells (associated with an anti-cancer response) represses oxidative metabolism, concomitant with a loss of mitochondrial mass and function, and that a significant decrease/loss of ATP was observed in activated CD8 + T cells.
In light of these observations 76 and the data provided in Figure 3 showing lower mitochondrial activity in CAR T cells, we suggest that activated T cells can be associated with a low BLI readout (photons) using luciferin-luciferase-based reporter systems. The Click Beetle Red Luciferase (CBRluc) reporter is dependent on the presence of intra-cellular ATP, since this reporter belongs to the class of oxidative enzymes catalyzing the reaction of luciferin+ATP leading to formation of oxyluciferin, AMP and light. Therefore, the CBRluc reporter (and other ATP-dependent luciferases, including Firefly luciferase) is dependent on the presence of saturable amounts of ATP for reliable BLI measurements of reporter-cell number and persistence. 77 Interestingly, several other investigators have found that Firefly luciferase is not an optimal reporter for tracking activated T cells 78, 79 (as well as unpublished conversations with other investigators).
There are several limitations to this study. First is the very short life of anti-hPSMA CAR T cells in the presence of hPSMA(+) Myc-CaP cells/tumors compared with hPSMA(À) cells/tumors, which leads to their longer persistence in the Winn assay (control group, hPSMA(À) tumors). Second is a modest cytotoxicity of CAR T cells ( Figure S1 ) to murine cancer cells bearing hPSMA, which leads to Myc-CaP:hPSMA(+) tumor progression after 3 weeks in the Winn assay ( Figures 2C and 2D ) compared with total eradication of PC3/ PIP tumors (a human prostate tumor genetically modified to overexpress hPSMA). 49 The combination human CAR T cells (injected i.v.) and a murine prostate tumor transduced to express human PSMA may not be an optimal model to explore CAR T cell therapy. However, there is the potential for interaction between anti-hPD1 Abs with mPDL-1, since PD1 shares 64% of protein identity between murine and human species, and PD-L1 shares 77% identity. 80, 81 Murine PD-1 binds in vitro to both murine and human PD-L1, and human www.moleculartherapy.org PD-1 binds to the PD-L1 of each species. The structures of the murine PD-1 and human PD-L1 complexes 82 and that of the murine PD-1 and murine PD-L2 83 have been published. Despite the high homology and the ability for binding between different species, interspecies differences are responsible for the variation in the affinity of human and mouse PD-1 for their ligands. Since human PD-1 is relatively "flexible," it does not appear to present any significant barriers to murine ligand binding. 84 Consistent with prior studies, 40, 85 we were able to enhance CAR T cells therapy when combined with PD-1 blockade. However, the treatment response was only partial, of short-duration and suboptimal. Other second generation CARs have been shown to be as or more effective, including the CD28-and 4-1BB-based mesothelin-targeted CAR T cells that achieved tumor eradication, but only following direct intra-pleural administration. 40 We suggest that the limited response we observed also suggests that there are other mechanisms restricting CAR T cell trafficking and function in prostate solid tumors, which may extend to other solid tumors as well.
Conclusions
We show that anti-hPSMA-directed CAR T cell monotherapy of subcutaneous Myc-CaP:PSMA(+) tumors is ineffective, whereas the combination of anti-hPSMA-directed CAR T cells plus anti-hPD1 mAb immune modulation provides a short-duration, sub-optimal treatment response. These results also suggest that other immune modulation mechanisms need to be brought into play to further reverse the restriction to CAR T cell targeting and persistence in hPSMA expressing Myc-CaP tumors and to provide optimal CAR T cell therapy. The results also suggest that ATP-dependent Luciferin-luciferase bioluminescence reporters should be used with caution in the monitoring of T cell trafficking and persistence, particularly when T cells transition to an activated state.
MATERIALS AND METHODS
Cells and Culture Conditions
The Myc-CaP androgen-dependent prostate cancer cell line, derived from a c-myc transgenic mouse with prostate cancer, was provided by Dr. Charles Sawyers 50 and was cultured in DMEM media supplemented with 10% FBS, 4 mM glutamine, and 5 mM glucose. MycCaP cancer cells were transduced with a newly generated vector SFG-hPSMA. A transgene containing human PSMA complementary DNA (cDNA) was amplified from total mRNA derived from human prostate cancer cell line LNCaP using 5 0 hPSMA 5 0 -ACATGTG GAATCTCCTTCACGAAAC-3 0 and 5 0 -GGATCCTCGAGCTTAG GCTACTTCACTCAAAG-3 0 primers set. Human PSMA cDNA was cloned into the SFG ɣ-based retroviral vector. 24, 51, 53 Human PSMA expression was assessed using anti-human PSMA rat antibody as described previously 24 and cells were sorted using the fluorescenceactivated cell sorter (FACS) (BD Bioscience, CA, USA) several times to achieve a 100% hPSMA-positive population. Additionally, MycCaP:hPSMA(+) and Myc-CaP:hPSMA(À) cells were transduced with a SFG-RLuc-IRES-GFP vector 54 to detect tumor location and its relative borders. A new SFG-tdRFP/CBRluc (RFP/CBR) retroviral vector was obtained by subcloning Click Beetle Red luciferase (CBRluc) cDNA from the pCBR basic vector (Promega) into the SFG-tdRFP/Renilla luciferase (RFP/Rluc) retroviral vector by replacing the Renilla luciferase gene. 24 A new hPSMA-specific CAR retroviral vector named SFG-PIg28z was developed by inserting a CH2-CH3 domain from the human IgG heavy chain 86 in the NotI restriction site between the anti-hPSMA scFv and CD28 signaling motif in the SFG-P28z vector. 53 It was performed for better detectability by FACS staining with anti-human IgG antibody which is specific for the inserted region (#2040-08; Southern Biotechnology Associates). 53 For transduction we have used the PG13 producer cell lines, bearing antihPSMA CAR and SFG-tdRFP/CBRluc vectors. Retroviral particles were obtained using the GPG29 (H29) producer cell line and were used to infect target cells. 28 Cells were stably transduced by incubating 50% confluent cell cultures with virus-containing medium for 12 hr in presence of polybrene (8 mg/mL; Sigma-Aldrich). Cells were sorted using FACS (BD Biosciences) using GFP or tdRFP as fluorescence markers.
Generation of Genetically Modified T Cells
SFG-PIg28z-and SFG-tdRFP/CBRluc-retroviral supernatants were produced as described above. Monocyte-depleted PBMCs were activated with anti-CD3/CD28 beads (Dynabeads; Thermo Fisher Scientific) in a 3:1 bead:cell ratio with 20 IU/mL IL-2 for 7 days. Activated T cells were then retrovirally transduced on days 3 and 4, supernatants from the different vectors were mixed on transduction days at a 1:1 ratio. Anti-CD3/CD28 beads were removed on day 7. Media and IL-2 were changed every 3 days. Transduction efficacy was confirmed by FACS after staining with anti-human IgG antibody (#2040-08; Southern Biotechnology Associates) for the detection of cells bearing anti-hPSMA vector and detection of tdRFP/CBRLuc. To assess CAR T cell function we decided to follow the clinical protocol of CAR T cell preparation. 87 Two sets of CAR T cells (from different donors) were obtained for the current study. One set of CAR T cells was utilized for the first CAR T cell trafficking experiment ( Figure S2 ) and a Winn assay. 55 To perform anti-hPD1 mAb and anti-hPSMA CAR T cell treatment we obtained another set of CAR T cells. Transduction efficiencies varied from 87% to 99.8% for the anti-hPSMA marker after cell sorting, and between 67% and 34% for cells that were double-positive for both anti-hPSMA marker and tdRFP/CBRLuc. Cells were expanded over 18 days and cryopreserved using 2Â cryopreserved medium composed of 7% Plasma-lyte, 20% of RIMSO-50 (DMSO; Mylan Institutional), 40% of albumin (human; GRIFOLS), and 33% (HESpan [hetastarch]).
T cell function studies were performed as described previously. 24 Standard 51 Cr release assays were performed to evaluate CAR T cell cytolytic ability. Target tumor cells were loaded with 100 mCi of 51 Cr for 1 hr, and then 10,000 tumor cells were co-incubated with CAR T cells for 6 hr at effector-to-target (E:T) ratios ranging from 40:1 to 1:1. Supernatants were harvested and 51 Cr release quantified using a Gamma Counter (Packard). Percent lysis was calculated as follows: percent lysis = (experimental lysis À spontaneous lysis)/ (maximal lysis À spontaneous lysis) Â 100%, where maximal lysis was induced by incubation in a 2% Triton X-100 solution.
Metabolic Assessment of T Cells
The metabolic profiles were determined at steps of T cell stimulation and transduction to assess glycolytic function and mitochondrial respiration of T cells during stimulation, transduction and expansion. We performed a series of real-time measurements of the extracellular acidification rate (ECAR) and OCR using a Seahorse XF96 Extracellular Flux Analyzer (Agilent). The XF Analyzer (Seahorse Biosciences) simultaneously measures energy producing pathways non-invasively in real-time. For the assessment of glycolysis, cells are initially incubated without glucose and ECAR is assessed. The first injection is a saturating concentration of glucose (25 mM), where glucose is taken up by the cells and catabolized through the glycolytic pathway to lactate, producing ATP and protons. The extrusion of protons into the surrounding medium produces a rapid increase in ECAR. In the mitochondrial respiration assay, basal OCR is measured under full media growing conditions followed by sequential addition of oligomycin, FCCP, and antimycin A/rotenone with a measurement of changes in OCR. The resulting profiles show the relative contribution of nonrespiratory chain oxygen consumption, ATP-linked oxygen consumption and the maximal respiration after the addition of FCCP. Data presented here represent two independent experiments at different days and were normalized to 350,000 cells. 
88
Bioluminescence Imaging and Histology BLI was performed with an IVIS SPECTRUM Imaging System (Perkin Elmer) and analyzed as described previously. 89 Tumor and lung tissue processing and staining was performed at Molecular Cytology Core Facility of Memorial Sloan Kettering Cancer Center. The stained sections were digitized and scanned using a Panoramic Viewer (3DHistech) and analyzed with MetaMorph Image Analysis Software (Molecular Devices). A fluorescence threshold was used to include only cell-specific signals and exclude background. Size and morphology filters have been applied to ensure only cells are counted (not cellular debris), and the number of immune cells were recorded. Cell sizes were obtained by applying the above thresholds and obtaining the area of each identified T cell. The data (area of individual T cels) were combined for group statistics (n = 3,621 T cells for the control group; n = 14,531 T cells for anti-PD1 group). Detailed information for CD31/PDL1, CD3 + , and TUNEL staining of tissues is provided in the Supplemental Material and Methods.
Statistical Analysis
Results are presented as mean ± SD. Statistical significance was determined by a two-tailed Student's t test. p < 0.05 was considered significant. All data presented for T cells assessment using IFC staining were analyzed using GraphPad Prism (version 6.0; GraphPad Software) and are presented as mean ± SD. Results were analyzed using the unpaired Student's t test, and statistical significance was defined as p < 0.05.
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